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W81XWH-10-1-0173: Tissue and Metabolomic Biomarkers of Recurrent Renal Cell 
Carcinoma  
 
Partnering Investigators:  Richard R. Drake, Ph.D. and Alexander S. Parker, Ph.D. 
 
Annual Report from April 1, 2012 to March 30, 2013 for Drake at MUSC 
 
Note: The time period from the last report, June 30, 2011 to March 30, 2012 was not active 
due to the grant transfer process. 
 
 
Introduction:  The incidence and mortality rates for renal cell carcinoma (RCC) have risen 
steadily for more than 30 years, with a poor 5-year survival rate and a characteristically 
unpredictable clinical course for the most common clear cell form (ccRCC). The primary 
treatment for patients with localized ccRCC is surgical excision, which can be highly effective 
for early stage cancers.  However, due to lack of any early detection strategies, approximately 
35-40% of patients with no evidence of metastasis at the time of surgery will subsequently 
experience metastatic progression. Two key clinical issues are the need to 1) identify ways of 
more accurately predicting which patients will experience metastatic progression following 
surgery for localized ccRCC and 2) develop new treatments that can be used in combination with 
surgical excision to reduce progression. The overall goal of our proposed study is to improve our 
understanding of the underlying mechanisms of clear cell RCC progression and enhance the 
ability to accurately predict which patients are at greatest risk of progression following surgery.  
We hypothesize that identification of specific tumor associated proteins directly in 
histopathological specimens and their corresponding metabolite profile can be linked with our 
existing panel of biomarkers of clear cell RCC aggressiveness to develop a novel biomarker-
based prognostic nomogram/scoring system that can significantly improve the ability to 
accurately identify individuals most at risk of ccRCC progression following surgery.  Four 
experimental Specific Aims are proposed as follows: 1. To harness cutting-edge metabolomic 
and proteomic biomarker discovery technologies to identify novel biomarkers for ccRCC 
aggressiveness in primary tumor samples excised during surgery; 2. Combine novel biomarkers 
from SA1 with existing panel of seven previously published biomarkers of ccRCC 
aggressiveness to develop composite biomarker-based algorithm for predicting progression 
following surgery for ccRCC; 3. To harness cutting-edge metabolomic and proteomic biomarker 
discovery technologies to identify novel biomarkers that are differentially expressed in paired 
samples of primary and metastatic ccRCC; and 4. To independently validate the differential 
expression of the candidate biomarkers identified in SA3  and estimate the association of the 
expression of these biomarkers in metastatic ccRCC with time to death.  To accomplish this,  
fresh-frozen tissue samples from 25 intermediate risk ccRCC patients who experienced 
progression to metastasis within 3 years of surgery and 25 intermediate risk ccRCC patients who 
remain progression free after 5 years of follow-up will be evaluated by MALDI mass 
spectrometry based tissue imaging and metabolomic profiling. Also, the same tissue imaging and 
metabolomic approaches will be applied to fresh-frozen tissue samples from 15 patients with 
matched primary ccRCC tumor and metastatic lung ccRCC tumor pairs.  A novel biomarker-
based scoring algorithm for predicting ccRCC progression using a cohort of 1,500 patients 
undergoing nephrectomy for localized ccRCC will also be developed. An additional 250 patients 
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who have archived tumor blocks available from both primary and metastatic ccRCC will also be 
evaluated for development of a biomarker panel. For impact, the identification of molecular 
biomarkers within tumor tissue that correlate with risk of ccRCC progression has the potential to 
not only improve prognostic assessment and enhance post-operative surveillance, but also to 
inform on the underlying biology of ccRCC aggressiveness as well as to provide rational targets 
and strategies for therapeutic intervention.  
 
Body: In the Statement of Work for this project, 7 Tasks were proposed over a three year 
period. The first three Tasks were proposed to be completed within the first 18 months of the 
project. Overall, excellent progress has been made on these Tasks, and no changes in the last 
Statement of Work (revised with the move to MUSC) and/or research directions are expected. 
The scientific progress for completion of three tasks involving the Drake laboratory are 
summarized, followed by a data example summary in the Appendix Materials.  
 
Task 1.   Identify differentially expressed proteomic biomarkers by MALDI mass 

spectrometry  imaging in a cohort of patients with localized ccRCC classified as 
being at intermediate risk  for recurrence (i.e. progression to metastasis) following 
surgery. 
 
  a.    Perform MALDI-TOF MS imaging analysis of 50 ccRCC tissues classified as  
         intermediate risk for recurrence; 25 that experienced recurrence within 3 years of 

surgery, and 25 that remain recurrence free > 5 years following surgery..  
  b.    Analyze peak intensity data inter- and intra-sample to determine differentially   
         expressed proteins and peptides.   

 
MILESTONE: Establish a panel of 5-10 differentially expressed peak markers that distinguish 
intermediate risk ccRCC patients who experience progression to metastasis following surgery 
from intermediate risk ccRCC patients who do not experience progression to metastasis. Months 
1-18 (Drake) 
 
Experimental Progress: This task was initiated by Dr. Parker with the selection of 50 frozen 
ccRCC samples from the biorepository at Mayo Clinic. Samples from patients with non-
recurrent disease were selected from individuals with no evidence of disease 5 years after 
surgery for ccRCC. Samples from patients with recurrent disease were selected from individuals 
who had detectable metatstatic ccRCC within three years of primary nephrectomy.  In addition, 
samples were matched in pairs to age, race, gender, and pathology information. These samples 
were dehydrated in ethanol and sprayed with CHCA matrix, followed by tissue imaging in the 
UltraFlex III MALDI-TOF/TOF instrument (Bruker Daltonics).  Following reading of each slide 
by a pathologist (Dr. Dean Troyer, at EVMS), regions of non-necrotic tumor were selected as 
regions of interest (ROIs) for selection of spectra. On average, 50-100 individual spectra per ROI 
were selected. As summarized from the original Year 1 report, usable spectra for 22 recurrent 
ccRCC and 26 non-recurrent ccRCC samples were obtained. These procedures and experiments 
cumulatively took approximately 10 months to complete, and represent a total of 48 ccRCC and 
10 normal matched renal tissues. Since June 2011, the data analysis of the obtained ROI spectra 
for each sample was done using FlexAnalysis and FlexImaging software (from Bruker 
Daltonics). Tandem mass spectrometry of 10 tissues was also done to correlate protein peaks 
identified in the MALDI imaging data to small proteins/peptides.  This has facilitated 
identification of thymosin beta 4, thymosin beta 10, S100 A8, S100A9, S100A11 as clear 
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markers distinguishing tumor from normal tissues. This task is essentially complete for the 
protein analysis aspects in the laboratory. The data analysis continues with Dr. Parker for other 
molecular correlates (as in Task 3).  There are 24 peak candidates that are being assessed (see 
Table summary in Appendix).    

 
 

Task 2.   Identify differentially expressed metabolite biomarkers in the same ccRCC tissue 
               intermediate risk cohort described in Task 1.  

 
  a.    Perform metabolite analysis of 50 ccRCC tissues classified as intermediate risk for  

recurrence; 25 that experienced a recurrence within 3 years of surgery, and 25 that 
remain recurrence free > 5years following surgery.  

   b.    Determine any differentially expressed metabolites reflective of disease recurrence 
          and/or non-recurrence.  
 

MILESTONE: Determine a panel of ccRCC metabolites (15-20) to predict disease recurrence at 
the time of surgery. Months 9-15 (Metabolon, Parker) 
 
Experimental Progress: For this task, metabolite analysis is contracted to Metabolon, Inc, which 
provided initial requirements for tissue preparation. As indicated in Task 1, the tissue slices for 
analysis of metabolites were prepared at the time of MALDI slide preparation. Tumor tissues 
(approx 25 mg/sample) were sent frozen to Metabolon in month 9 of the project, and the 
negotiated analysis costs already paid to the company. Dr. Parker and Dr. Drake were 
subsequently informed by Metabolon that at least 50 mg, and preferably 100 mg, of tissue from 
each sample will give the best results. Subsequently, larger amounts of RCC tissue samples were 
sent to Metabolon in the Fall of 2012 and analysis was completed in December 2012. The 
analysis report was attached with Dr. Parker’s last annual report, and is not included in this 
report. In the past few months this summer (June/July 2013), a subset of the tissues analyzed by 
Metabolon have been examined by MALDI imaging, with an emphasis on determining the 
distribution of differentially expressed phospholipid and small metabolite biomolecules from the 
Metabolon report. Examples are provided in the Appendix. 
 
Task 4.   Identify differentially expressed proteomic biomarkers by MALDI mass  

spectrometry imaging in primary ccRCC tumor tissues matched to ccRCC tissue 
metastatic to the lung from the same person.  

 
a. Perform MALDI-TOF MS imaging analysis of 15 pairs of primary and metastatic 

renal tissues (30 total)  
b. Analyze peak intensity data inter- and intra-sample to determine differentially 

expressed proteins and peptides   
 
MILESTONE: Establish a panel of 5-10 differentially expressed peak markers that distinguish 
the primary and metastatic tumor pairs. Months 20-36 (Drake) To be done at MUSC 
 

Experimental Progress: Dr. Parker has been trying to obtain these tissues from the Mayo Clinic 
Rochester, with little success. At the time of submission, these samples were available. 
Subsequent issues related to consent and permitted use of this specific sample cohort have 
precluded getting them for the proposed analyses. In the interim, we have begun analysis of 20 
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RCC tissues from recurrent and non-recurrent tumors, but tissues that contain extensive regions 
of tumor, margin areas and adjacent non-tumor regions. These tissues are being provided by 
longtime collaborator Dean Troyer, M.D., a GU pathologist at EVMS. Matched primary and 
metastatic tumor pairs are also being obtained from EVMS, from Dr. Troyer and the urologic 
surgeon there, Ray Lance, M.D. An emphasis on lipid and glycan analysis has been done.  

Our preliminary studies have identified multiple glycan and glycoprotein species 
uniquely expressed in the tumor margin regions, but not expressed in the non-tumor or tumor 
regions of the same tissue. This is the result of using a novel method to profile N-linked glycans 
directly on tissue using MALDI-MS imaging following PNGaseF digests. Depending on the 
tissue, 30-40 N-glycan species can be simultaneously detected by this method. Individual glycan 
and/or lipid ion intensities are converted to a color pixel scale for creating an image, linked 
directly to the histopathology of the tissue. Using the unique tumor/margin RCC tissues, four 
patterns of N-glycan and lipid specie expression have been observed, those present in: 1) the 
immediate margin area of non-tumor tissue adjacent to tumor; 2) only in non-tumor regions; 3) 
only in tumor regions; or 4) primarily in tumor regions but extended beyond the margin. An 
initial analysis of glycoproteins present in these three regions has also been done using new 
HCD-PD-ETD glycopeptide sequencing workflows. We hypothesize that optimization of this 
experimental workflow can be used to identify specific glycoprotein and glycan biomarkers 
indicative of the many changes that occur during the transition of organ confined tumors to the 
metastatic phenotype. Target molecules, including proteins, will be further analyzed in the 
primary tumor and metastatic disease pairs. Examples of this data are provided in the Appendix 
section. 
 
Key Research Accomplishments, Year 3 of the project: 
 
1. Successful MALDI-MS imaging analysis of 68 renal tissue samples obtained from the Mayo 
Clinic, and an additional 20 tissues with tumor/margin/non-tumor regions from Eastern Virginia 
Medical School (via Dean Troyer, M.D.).  
 
2. Established an optimized frozen ccRCC tissue preparation protocol with Mayo Clinic suitable 
for MALDI MS imaging and metabolomic analyses.  
 
3. Identification of 38 candidate m./z protein peaks that are differentially expressed in recurrent 
ccRCC or non-recurrent ccRCC tissues.  
 
4. Tentative identification of thymosin beta family peptides and S100 family member proteins as 
being differentially expressed in recurrent ccRCC tumors.  
 
5. Established MALDI MS imaging methods to effectively profile the distribution of N-linked 
glycans, ceramides, sphingomyelins, phospholipids and small molecule metabolites. 
 
Reportable Outcomes: There are no manuscripts submitted or published from this work, but 
one is invited for submission in September 2013 as part of a conference special issue in 
Proteomics. A paper describing the imaging of N-glycans in tissues, including renal tissues, has 
been submitted and is currently undergoing review for Analytical Chemistry. However, 4 oral 
presentations and 2 abstracts were presented at scientific meetings in the past year, as indicated 
below.  An R21 grant to NCI/NIH targeting the margin glycoproteins in RCC has been submitted 
and is currently under review.  



8 
 

 
Oral presentations: 
 
“Protein and Lipid Profiling of Recurrent and Non-Recurrent Renal Cell Carcinoma” Ourense 
Conference on Imaging Mass Spectrometry, Ourense, Spain, Sept. 2012 
 
“MALDI Mass Spectrometry Imaging for On-Tissue Spatial Profiling of N-linked Glycans in 
Tumor Tissues.” Mass Spectrometry Applications to the Clinical Laboratory Annual Meeting, 
San Diego, CA, February 2013. 
 
”Differential Molecular Profiling of Lipids and Glycans at the Tumor Margin of Clear Cell 
Renal Carcinoma Tissues by MALDI-MS Imaging.” American Society of Mass Spectrometry 
Annual Meeting, Minneapolis, MN, June 2013. 
 
“Novel on-tissue glycosidase and lipase digestion workflows to identify complex glycan and 
lipid species by MALDI-TOF MS imaging.” Bruker Daltonics User Meeting, one of 9 invited 
speakers, ASMS Annual Meeting, Minneapolis, MN, June 2013. 
 
Poster presentations: 
“Defining the Molecular Tumor Margin Regions of Clear Cell Renal Carcinoma Tissues by 
MALDI-MS Imaging of Lipid and Glycan Species.” Genetourinary Cancer Symposia, American 
Society of Clinical Oncology, Orlando, FL, February 2013. 
 
“MALDI mass spectrometry imaging for on-tissue spatial profiling of tumor-specific N-linked 
glycans and lipids in renal carcinomas.” American Association of Cancer Research Annual 
Meeting, Washington, DC, April 2013. 
 
Conclusions: We have developed a combined proteomics, metabolomics, lipidomic and 
glycomic workflow to analyze recurrent and non-recurrent RCC tissues. We expect to submit 
multiple publications derived from this research, as well as several new grant applications. 
 
 
Appendix Material:   
 
Task 1 Data (since June 2011). The 24 potentially diagnostic peptide/protein peaks from the 
tissue profiling are listed in the two tables below, either as diagnostic for distinguishing tumor 
from non-tumor, or recurrent from non-recurrent disease.  
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Tissues from 5 recurrent (tumor/normal matched) and 5 non-recurrent (tumor/normal matched) 
RCC specimens were homogenized and digested with trypsin for subsequent LC-MS/MS 
analysis on a Thermo LTQ MS platform. The resulting protein IDs, averaged per condition for 
normalized spectral counts per protein hit, for peptides under 20 kDa are presented. These match 
the mass range of the MALDI analysis that was done on the same tissues. The list is attached on 
the next page.  
 
Task 4 Data (since July 2011): 
Our group has been recently optimized and described a tissue profiling MALDI-IMS approach to 
uniquely profile the expression and distribution of N-glycans released by on-tissue PNGaseF 
digestions. Using mouse brains as a model system, generally 30-40 native glycans can be 
detected by MALDI-FT-ICR analysis. Confirmation of glycan structures were done using a 
combination of off-tissue permethylation and MALDI profiling, normal phase HPLC and 
exoglycosidase digests, all compared to existing glycan databases provided by the Consortium 
for Functional Glycomics. This data has recently been accepted pending formatting and 
clarification revisions to be published in Analytical Chemistry. This is a technique that was 
developed exclusively in the Drake laboratory. A summary of MALDI IMS and the PNGaseF 
tissue analysis workflow are provided in the schematics below.  
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MALDI Imaging of N-Glycans and Comparison to Histopathology. ccRCC tissues were cut 
at 10 µm and sequentially ethanol washed to remove lipids. PNGase F (20 mU) was applied 
using the Bruker ImagePrep, followed by a 2 Hr incubation at 37ºC. DHB matrix was then 
applied, prior to imaging. As a control, duplicate ccRCC tissues were analyzed with and without 
PNGase F treatment, then extracted in water for off-tissue profiling (Fig 1A.). A comparison of 
the mass spectra reveals robust differences between the PNGase F treated and non treated 
tissues, and further this is further illustrated in the glycan profile images linked to the H&E 
overlay for three representative glycans at m/z 2486, 2631 and 2059 (Fig 1B.). Each individual 
mass to charge ratio (m/z) can be queried for peak intensities in each spot analyzed. A color 
pixel scale is used to convert the intensities to a colar representation; hence an image of color 
intensity is generated for each m/z of interest. 
Figure 1A.                                                              Figure 1B.         

 
In the course of these initial analyses, it was observed that there were specific examples of 
glycans that were expressed in the margin region between tumor and non-tumor regions. This 
was further analyzed using larger tissue specimens specifically collected for that purpose, 
provided by Dr Dean Troyer, Eastern Virginia Medical School, and eight samples have already 
been analyzed for on-tissue PNGaseF digestions and MALDI-IMS.  Representative profiles of 
one tissue is shown in the two panels below (Figure 2A/2B).  
Figure 2A.                                                                    Figure 2B. 
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There are distinct glycosylation profiles between tumor, non-tumor and margin regions adjacent 
to the tumor. The yellow band along the margin was added to illustrate the boundary of the 
region.We have made glycan structure determinations based on accurate mass, databases and 
off-tissue analysis. Two  examples of structural assignments following PNGase F on-tissue 
digest of an RCC tissue is shown in Figure 3A/3B. For both structures below, searches of the 
native mass CFG database, and comparison to permethylated glycans of extracted glycans from 
the same tissue. These two species represent distinct glycan species associated with expression, 
or lack thereof, at the margin interface of tumor and non-tumor regions.  
Figure 3A                                                                  Figure 3B       

Preliminary Protein Analysis of Margin vs. Tumor and non-tumor regions. Because the 
margin glycan expression was so well defined, 1 mm slices were scraped from the margin 
region, and a similar scrape from tumor and non-tumor regions. Tissues were digested in TFE 
and  
digested with tryspin, and analyzed by LC-MS for total protein composition. The Venn diagram 
(Figure 4A) summarizes the total number of proteins identified from each tissue region, and the 
table highlights several extracellular matrix proteins identified exclusively in the margin region 
(out of 228)(Figure 4B). This region is clearly distinct from the other two regions analyzed, and 
reflects protein differences consistent with an active EMT process. This baseline data will be 
used with the glycopeptide analyses described in Figure 5.  
Figure 4A         Figure 4B 

                     
HCD-PD-ETD Glycopeptide from RCC Tissue Example: In the past, MS-based glycoproteomic 
studies relied on the release of glycan moieties from glycopeptides followed by separate MS 
analysis of the glycans and the peptides. Recently, intact glycopeptide strategies are emerging 
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for use with high resolution Orbitrap instruments, typified by Higher-energy Collision 
Dissociation-Product Dependent-Electron Transfer Dissociation (HCD-PD-ETD). This method 
is a data-dependent acquisition, based on detection of glycan oxonium ions that trigger further 
analysis of the peptide carrier by ETD. An initial analysis of glycopeptides from the tumor 
region of one RCC tissue has been done, using a HILIC resin enrichment and HCD-PD-ETD 
protocol Glycopeptide data was obtained on a Thermo Orbitrap Elite mass spectrometer. In 
Figure 5 (below), a glycopeptide of receptor-type protein phosphastase beta was identified. The 
same glycan ion could also be detected in the glycan MALDI imaging profile of the same tumor 
tissue. 
Figure 5. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
MALDI Imaging of Lipids and Comparison to Histopathology. ccRCC tissues (n=17) were cut 
at 10 µm, washed in water, dessicated and sprayed with DHB using an ImagePrep. Lipid images 
were obtained on a 7T Dual Source Solarix FT-ICR Mass spectrometer (Bruker Daltonics).  
Phosphatidylcholines, lyso-PCs, sphingomyelins and ceramides were profiled in positive ion mode. 
The image panel below in Figure 6 illustrates the type of distribution profiles that are obtained. 
 
Figure 6. 
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Lyso-PCs and other lipids with 1 or 2 double bonds in the fatty acid chains are associated with the 
presence of RCC. An example image of a Lyso-PC (C18:0) in non tumor tissues compared to a 
Lyso-PC (C18:1) is shown below in Figure 7. 

                                                     Figure 7. 
 
In the data summary shown in Figure 
8 below, 30 lipid species detected by 
MALDI-imaging mass spectrometry 
in 17 RCC tissues are listed. Lipids 
differentially expressed in either 
tumor or normal in at least 14 of 17 
sample pairs are listed. 
Representative images for two of the 
lipid species for normal or tumor 
expression are shown in the imaging 
panels on the right, with an overlay 
of the two expression profiles also 
included. 
 
 
Figure 8.   

 


